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Abstract 
In this work we outline the basic design of a new heliostat array made with easily accessible components (used 
bicycle, automotive, plumbing hardware, and open-source electronics.) The system forms the base apparatus for 
scientific experiments in solar energy such as high-temperature solar ovens, industrial solar hot water heaters, 
concentrating PV power, to name a few. The system uses a novel mechanical design, a home built solid state relay, 
and a simple but accurate hybrid (active-absolute) solar tracking system. This system also has potential commercial 
use in mini-micro businesses. 
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1. Introduction: thoughts on sun tracking 
In most applications of solar energy, it is best if the movement of the sun through the day can be 
compensated for with the use of a heliostat or other sun tracking device. While this increases the 
efficiency of almost any solar device (up to 30% for flat plate solar panels [1]), the added price and 
complexity of the heliostat is not compensated by the added efficiency. In countries such as Mexico, 
where these devices are not locally made there is a lack of technical ability and parts for the maintenance 
that comes with any mechanical device.  
Domestic use of solar power as well as large scale industrial installations have found their way into the 
local economy; these would be small systems of 1-10 kW peak power production, or large systems of 0.5-
10MW or more. But there is a hole in the range of devices where small businesses exist and need powers 
of 10-300kW. This includes restaurants, markets, tortillarias, bakeries, vineyards etc… whose energy 
needs are not just electrical, but thermal as well. The commercial sector consumes up to %30 of the 
energy in the state of Baja California, but has very few options for its energetic needs [2]. 
We have been designing a heliostat array, that can hold a total of 10-200 m2 of solar panels or mirrors 
with 1-2m2 per heliostat. The array was a master-slave design to lower the cost of manufacture and 
simplify its use. The design was published with an open-source license (Creative Commons Attribution-
ShareAlike license [3,4]) with the hope that this will help with dissemination of the design into the general 
manufacture base and allow for modifications ideal for each locality. The prototype was tested in the 
LEARS 'Jardín-Solar' testing facility. The heliostat array was built out of recycled bicycle components, 
and automotive windshield wiper motors, with a controller based on an Arduino microcontroller  [5].  
The electronics included a home-made solid-state electronic relay, and a simple optical tracker using a 
photo-resistor based voltage divider. An emphasis had been placed on the simplicity of use of the system 
considering that its maintenance and use was intended for unskilled labor (or labor skilled in other areas.) 
 
Nomenclature 
ܫ௥௔ௗ  Irradiance   
R  electrical resistance 
V electrical potential 
M measured slope from linear fit 
2. Mechanical design 
The mechanical design used a pair of motors controlling the entire array by turning two long drive 
shafts, made from 1 ½” PVC pipe, that ran the entire length of the system. 
The heliostat body consisted of an upcycled bicycle head tube functioning as the principal axis and 
bicycle forks as the mounting as the secondary axis. A spoked rim was mounted to the bottom of the 
principal axes. On the other side of the principal axis mounting was the secondary axis perpendicular to 
principal with the secondary rim mounted in the center of the axis; see main image in Fig 1. 
The principal rim was driven by the metal cable bundle (1.6mm) which made one and a half loops of 
the rim and then ran under tension to the drive shaft where it was wound so that rotation of the drive shaft 
in any direction would move the rim in a corresponding direction; see left side of Fig 1. 
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The secondary rim was also wrapped with a metal cable that ran to a mounting point fixed to the 
principal axis where the cable entered a Bowden tube. The tube went from the mounting point on the 
principal axis to a mounting point fixed relative to the drive shaft guide where the cable again ran under 
tension to the drive shaft. 
The transmission was constructed from two upcycled bicycle bottom brackets taken from damaged 
frames. The axis on the brackets were connected through a bicycle roller chain to one another with a ratio 
of 2:1 achieved by sprockets with 22 and 11 teeth. One of the bottom brackets was connected to the drive 
motor with another roller chain. The purpose of the 2:1$ ratio was to combine a sun tracking master 
heliostat with a mirror based slave heliostat. 
The drive motor was built from two windshield wiper motors for automobiles. These motors had a 
12V DC motor driving a 50:1 worm gear. We took the second motor and removed the electrical motor 
leaving only the worm gear. The drive axis from the second motor was cut and welded to the output of the 
first motor giving a double worm gear with a ratio of 2500:1. The axis of this drive motor was connected 
to a bicycle sprocket where the above bottom brackets were connected by a roller chain. 
The experiments presented in this work were done with two heliostats run by two transmission drives, 
one for each angular orientation which will be referred to as ߠ for the horizontal angel (azimuth) and  ߮ 
for the verticle angle (altitude.)  
The first heliostat, called the master, had mounted onto it the optical sensor array used by the control 
system. The master heliostat also had three 1W solar panels used to change a car battery that supplied 
power the drive motors. A large cross hair was also mounted to the heliostat with its shadow projected 
onto a white board suspended behind it. The cross hair was made from two metal wires crossing 
perpendicular to each other over an aperture of 50cm. The distance from the cross hair to the white beard 
was 35cm. On the white board a cross hair was drawn with markings every 1cm. The location of the cross 
hair's shadow was used to measure and the alignment of the heliostat relative to the sun. 
The second heliostat, called the slave, had several experiments mounted including a high temperature 
solar oven, a solar hot water heater, and mirrors. The slave was both connected to move parallel with the 
master, and to move at half the angular velocity to be used with mounted mirror; only the former 
mounting is mentioned below. 
 
Fig1. Image of heliostat array (one master and one slave); Left of image is the metal cable route for the 
principal axis. In right image the primary axis cable is shown in red, secondary axis cable in yellow 
with the Bowden tube in fuchsia. 
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The heliostat was not completely rigid and had about half a degree of jitter. Most of the movement 
came from slack in the cables, lateral flexing in the drive shaft, and warping of the mounting rack, all of 
which are being compensated for in the next version of the system. 
 
3. Optical sensor 
The control system used to move the heliostat array was designed to be a hybrid system composed of 
an optical sensor array for active sun tracking, and a pair of encoders to read heliostat orientation for 
absolute tracking. The encoders were not installed in the experiments reported in this article as they were 
in development. 
The optical sensor was composed of four photo-resistors and one ambient light sensor; TEMT6000. 
The photo-resistors were connected as two voltage dividers where the microcontroller measured the 
voltage between the resistors. Each pair was situated behind opposite faces of a right angel pyramid made 
of sandblasted clear 5mm thick acrylic; Fig. 2 shows the circuit and housing of the light sensor. The right 
angle pyramid was used so that the photo-resistors would be taking a light reading from a larger area, 
which reduced greatly the sensitivity to dirt and dust, and also to assure orthogonal measurements of light 
direction. 
The circuitry was housed in a black plastic case. To avoid stray light the photo-resistors had to have 
their sides obscured. This was accomplished with black electric tape. Current was applied to the photo-
resistors for 50ms before measurements were taken. Measurements were taken three times with the final 
value used being the average of the readings.   
The resistance from the photo-resistors was roughly linear in a small range of irradiances, but was 
exponential when its full range was considered. For simplicity assume that a linear relation, ܴ ൌ ܯܫ௥௔ௗ. 
The irradiance (ܫ௥௔ௗ) from the sandblasted faces of the windows could be considered Lambertian so that 
as a function of the angel of incidence of the sun light the light irradiance on the photo resistors could be 
considered to be; 
 
ܫሺߙሻ ൌ ܫ௥௔ௗሺߙሻ       1) 
ܫሺߛሻ ൌ ܫ௥௔ௗሺߛሻ       2) 
 
Since the two faces of the sensor were at right angles to each other ߛ ൌ ߨȀʹ െ ߙ  or  ሺߛሻ ൌ
ݏ݅݊ሺߙሻ. Thus the voltage of the voltage divider was: 
 
ܸ௢௨௧ ൌ
ோమ
ோమାோభ
ൈ ௜ܸ௡       3) 
 
with ܴଶ ൌ ܯܫሺߙሻ and ܴଵ ൌ ܯܫሺߛሻ, the output of the voltage was found to be: 
 
௢ܸ௨௧ሺߙሻ ൌ
ୡ୭ୱሺఈሻ
ୡ୭ୱሺఈሻାୱ୧୬ሺఈሻ
ൈ ௜ܸ௡      4) 
 
The rate of change of voltage was the derivative of ௢ܸ௨௧ with respect to ߙ; 
 
ௗ௏೚ೠ೟ሺఈሻ
ௗఈ
ൌ ୱ୧୬
మሺఈሻାୡ୭ୱమሺఈሻ
ሺୡ୭ୱሺఈሻାୱ୧୬ሺఈሻሻమ ௜ܸ௡
      5) 
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The derivative never equals zero, but had a maximum at ߨȀͶ, which meant that the highest resolution 
of the sensor was when it was aligned with the sun. 
The optical design also had the advantage of a very large range, which could be up to 270º. The large 
range came from the extended size of the sensor prism. While the response of the optical sensor was not 
linear at such a misalignment, the direction of the misalignment was evident to the system and it was able 
to compensate and get to an aligned position.   
4. Electronic control 
The control system was composed of the optical sensor mentioned above, an Arduino mega 
microcontroller and a home built solid-state relay. 
4.1. Solid state relay 
To move the heliostat 12V was applied to the drive motors; which had a starting current up to 5A and a 
running current of 2A. Each motor was run generally from 2-15s intervals every 1-5 minutes throughout 
the day. This implied that the motors were activated and deactivated over five hundred times per day. For 
this reason a mechanical relay was not chosen for the control system because the switch would last less 
then half a year of continuous use. The other common option used in motor control systems is an H-
bridge, but for the currents used by the motors the H-bridge would need a current exceeding a digital 
signal to activate it, which means another MOSFET device. This made the system consume too much 
energy.  
          
Fig 2. Schematic of light sensor circuit and array housing. Left; pr1 : pr2, and pr3 : pr4 were the 
photoresistor pairs. The ambient light sensor was made from a phototransistor with a blue LED. Right; 
cross-section of the array housing. Shown is the photo-resistor pair pr1 and pr2. The ambient light 
sensor was seated inside the photo-resistors and facing the vertices of the right-angle pyramid. ߙ was the 
angel of incidence of the sun light relative to the sensor. The pyramid was covered with a layer of Mylar 
to reduce the irradiance and avoid saturation of the light sensors. 
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The solution that gave the best results was to make a solid-state relay. The relay, shown in Fig. 3, used 
a thyristor (labeled U6) which was activated using a pulse a 555 timer chip (U2) triggered by an optically 
isolated digital trigger. To deactivate the thyristor a second pulse was used to activate the MOSFET Q1. 
The activated MOSFET grounded the capacitor C4 which pulled the voltage on the thyristor negative 
deactivating the device and closing the circuit. The motor was connected to a latching relay at J3. The 
latching relay controlled by Q2 and Q3 was used to select the direction of movement of the motor, which 
typically only changed direction 2-3 times a day. 
 
4.2. Electrical system and controller 
The entire system was powered by a 12 V car battery charged by three 1W solar panels mounted on 
the master heliostat as shown in Fig. 4. The controller was connected to a computer through USB, but this 
was just for the debugging phase, and can be connected to the same 12 V source. The controller was 
based around an Arduino Mega with a real-time clock, and micro SD card.  
 
Fig 3. Schematic of the solid-state relay used to control the driver motors. J2 was connected to 12 V and 
supplied the latching relay. Two of the terminals in J2 supplied the switching coils in the relay, which were 
grounded through the bottom connectors in J3. The other two terminals in J2 were for the load, which was 
connected to the circuit at J4, and then to the motors at J6. The motors were grounded through the thyristor 
circuit in terminals 1, 2 of J3. The arduino controller was connected through J7. 
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The Arduino was connected to the optical sensor by a DB9 connector which carried three analog lines 
for the optical sensor vales, one digital line to activated the 5V across the voltage dividers through two 
photo resistors (see Fig. 4) and both a 5V and ground lines. The connection to the motor drivers was made 
as well with a DB9 connector with four digital lines, and 5V and ground.   
To use the system the person operating it would place the controller into its manual mode (a button 
that activated an interrupt on the micro controller). Using buttons on the controller the operator aligned 
optically the heliostat to the sun using the shadow cast on the screen by the cross hair. A button was 
pressed and on receiving this input the micro-controller read the optical sensor values and stored them as 
the values for an aligned state. When the mode of the controller was changed to automatic the system 
would then read the optical sensor three times and find the average reading. A comparison of the average 
reading and the stored aligned value with a predetermined range of acceptable error (in this case േʹ) 
would determine if the motors would be activated, and in which direction.  
All movements and their associated values were time-stamped and stored on the SD card attached to 
the Arduino controller. 
4.3. Results 
The system was aligned and switched to manual. For several days in Agust in Ensenada BC Mexico, it 
tracked the sun, but became misaligned up to 3-6º in the evening. It was thought that the photo-resistor 
voltage divider was not functioning as planned. 
The use of the photo-resistor based voltage divider was to allow for less sensibility to absolute 
irradiance. But in use, the response of each of the photo-resistors to irradiance was somewhat different 
(future plans are to include a variable resistor to equalize the two resistors.) Part of the solution was to test 
the photo-resistors response beforehand to assure that each pair was as close to each other as possible.  
 
Fig 4. Schematic of the heliostat electrical system; The microcontroller was powered through its 
USB connection to the monitoring computer, but this can be replaced by a connection to the 12V 
from the battery; the Arduino has an on-board voltage regulator. 
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Shortly after solar noon readings were taken from the optical sensor every ten minuets for the system 
aligned to the sun, and for misalignments of േͳͷι. As the day went on the sun's intensity lowered as its 
zenith angle increased. As well, clouds and a marine layer blew in from the ocean testing the systems' 
response to weather variations. 
Fig. 5 shows the raw output of the voltage dividers with respect to misalignment of the sensor to the 
sun. The response to the movement in ߠ-direction of the ߮-sensor (and vice versa for ߮ w.r.t. ߠ) was due 
to the orientation of the sensor to the angles in the heliostat being misaligned. 
At 10-minute time intervals the sensor readings for the aligned system were measured at least three 
times. The values of the aligned system are shown in Fig. 6. It is noticeable that the voltage dividers were 
changing their value for an aligned system as the solar irradiance decreased. The inserts in Fig. 6 are plots 
of the value of the voltage dividers with respect to the ambient light sensor values. It is noticeable that the 
߮-axis was more susceptible. This error came from an imbalance in the photo-resistors. 
 
 
  
Fig 5. Response of photo-resistor voltage diver circuit; Left, varying ߠ, Right, varying ߮, taken 1 hour 
after experiment start shortly after solar noon. 
 
Fig 6. Plot of optical sensor output for aligned heliostat as a function of time from start of experiment 
(2:30 pm in August). Values were the output of the analogue-digital converter; 0=0V, 1023=5V. 
Values were affected by clouds and the marine layer. Inserts: plots of the voltage divider values from 
߮ and ߠ vs. ligt sensor value, with linear fits. 
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To compensate for this variation the linear fit slope was taken and the slope was used as a correction 
factor for the alignment value. The value used as the aligned value became a function of the ambient light 
meter value: 
஽ܸǡ௔௟௜௚௡௘ௗ ൌ ஽ܸǡ௥௘௙ െ ܯ ൈ ሺ ௦ܸ െ ௌܸǡ௥௘௙ሻ      5) 
 
where ஽ܸǡ௥௘௙  was the value of the voltage divider in question of the aligned system, ஽ܸǡ௔௟௜௚௡௘ௗ was the 
corrected value, and ௌܸ and ௌܸǡ௥௘௙  were the sensor value and the reference sensor value respectively. M 
was the slope from the linear fits found in Fig. 6. 
The response of the adjusted values could be noted in figure Fig. 7. Here the difference in the voltage 
divider value from the reference value was plotted as a function of the ambient light sensor value. The 
range of acceptable values for an aligned system was േʹ, which is visible in the plot as a fuchsia coloured 
lines.  
It can be seen that while some of the points fall outside of the range of acceptable values, the 
correction factor did remove the systematic error. Mainly cloud cover caused the noise in the 
measurements. 
5. Conclusion 
We have shown the mechanical, electrical and electronic design for a novel master-slave heliostat 
array. The mechanical design was still being modified but a proof of concept version was built and used 
for several experiments. The system was published under an open-source license and it was hoped that its 
simplicity of design and easily accessible parts list will aid in its dissemination into the community at 
large.  
The optical sun tracker was built using photo-resistor based voltage dividers, and while the photo-
resistors needed to be pretested and matched, their use was possible, and a simple code was used to 
remove any systematic error. 
The home-built solid-state relay worked very well, and eliminated the mechanical fatigue that a 
mechanical really would experience, and consumed much less energy in its operation than a standard H-
bridge would. 
Future work includes the installation of electronic encoders to measure the orientation of the heliostat 
and the incorporation of this into a true hybrid control system. As well, the next design of the heliostat 
 
Fig 7. Error in voltage divider readings vs. energy sensor value. Corrected error includes 
adjustments in centre value using linear fit from Fig. 6. 
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was on the drawing board, where both axis use Bowden tubes and the connection of the axis to the 
mounting frame would be then free to move allowing easier orientation and alignment.  
Designs and programs were posted in Github [6][6] or can be acquired by contacting the author. 
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